Meso-scale turbulence is an innate phenomenon, distinct from inertial turbulence, that spontaneously occurs at zero-Reynolds number in fluidized biological systems.
Despite extensive implications for diverse fluid dynamical systems and more than a century of research, the transition from pressure-driven laminar flow to inertial turbulence in even the simplest geometries remains one of the major unresolved problems in fluid mechanics. Elaborate experiments have recently shed new light on the nature of this transition by measuring the decay and splitting of local turbulent domains/clusters (puffs) in pipe flows and have determined the critical Reynolds number -ratio of inertial to viscous forces -at which the transition occurs (1, 2). Short-range interactions between the locally turbulent puffs, which feed on surrounding laminar flow as an absorbing state, drive a continuous transition to a fully turbulent flow. Recent experimental evidence from channel and circular Couette flows (3, 4) together with direct numerical simulation studies and predator-prey models (5) , have provided evidence that the transition at the critical Reynolds number is characterised by the directed percolation universality class. Strikingly, here we show that for a profoundly distinct class of turbulence at zero-Reynolds number, the transition in a channel can also be characterised by the emergence of spontaneous puffs created by microscopic activity of biological fluids. Even for this zero-Reynolds number class of turbulent-like flows, we find that the critical exponents belong to the directed percolation universality class.
Zero-Reynolds number turbulence is established through continuous energy injection from the constituent elements of an active fluid in many biological systems, including bacterial suspensions (6) (7) (8) (9) (10) (11) , cellular monolayers (12) (13) (14) , or sub-cellular filament/motor protein mixtures (15, 16) . Although the inertia is negligible (Reynolds number ∼ 10 −6 ) in such systems, active turbulence is characterised by a highly disordered distribution of vortices (17, 18) . However, meso-scale turbulence in living fluids possesses a characteristic vortex length scale, which distinguishes it from scale-invariant inertial turbulence (19) , and it is considered a new class of turbulent flow (7, 17, 20) .
To study the transition to meso-scale turbulence, we computationally solve the continuum equations of active nematics in micro-channels, which have successfully reproduced the patterns of bacterial ordering in bulk (10) and in confinement (21), the flow structure and correlation lengths of microtuble bundles (15, 16, 22) and the flow patterns of dividing cells (13) (see Supplementary Information for the details of the model). In this zero-Reynolds number regime, the transition to turbulence occurs by increasing the amount of local energy injection (activity) in the living fluids. In a confined environment, the activity leads to spontaneous symmetry breaking and the generation of unidirectional flow (23), which is followed by an oscillatory regime characterised by distorted streamlines (24, 25) , upon increasing the activity. Further increase in the activity leads to the emergence of a stable lattice of velocity vortices throughout the channel [ Fig. 1(a) ], and this transitions to meso-scale turbulence at higher activities [ Fig. 1(b) ]. The emergence of the intermediate vortex-lattice in active matter has been observed experimentally in motility assays of microtubles (26) , in bacterial suspension in a channel confinement (11) , and also numerically by hydrodynamic screening of activity-induced flows due to frictional damping (27) . In stark contrast to inertial turbulence, the Reynolds number is irrelevant here and the transition between flow regimes is governed by the dimensionless activity number Fig. 2(a) ]. This parameter characterises the ratio of the channel height h, which here is equivalent to the hydrodynamic screening length, to the characteristic activity-induced length scale a = K/ζ, that represents the relative importance of the intrinsic activity ζ and the orientational elasticity K of the nematic fluid.
The marked difference between the various flow states is clearly seen in the structure of the vorticity. Therefore, in order to characterise the transition between the regimes, we measure the distribution of the local enstrophy , averaged across the channel. This quantity represents the strength of vortices in the flow, and has also been used for determining the nature of inertial turbulence. The vortex-lattice state possesses a well defined peak in the enstrophy [ Fig. 2(b) ]. As the active flow transitions at higher activities, the enstrophy distribution broadens demonstrating that vorticity cascades down into meso- We measure the exponent to be β = 0.275 ± 0.043, which closely matches the universal exponent of the (1 + 1) directed percolation process (β = 0.276) and is in agreement with the value that has recently been measured for inertial turbulence in Couette flow (β = 0.28 ± 0.03) (4). This is striking as it draws a parallel between the zero-Reynolds number meso-scale turbulence in living fluids, which possesses a characteristic vorticity length scale, and high Reynolds number inertial turbulence, which is scale-invariant. Since the internal activity can spontaneously create active puffs from the absorbing vortex-lattice state with a small probability, the transition corresponds to directed percolation with spontaneous site activation, as in a weak external field (28) , while the transition to inertial turbulence maps to the zero field limit (see Supplementary Information).
To scrutinize the critical behaviour at the transition point, we further measure the spatial and temporal distributions of vortex-lattice gaps in the absorbing state (see Supplementary Information).
These distributions of the absorbing state characterise correlations of the active puffs (29) The values of the critical exponents obtained from our measurements for meso-scale turbulence in a channel and for (1 + 1) directed percolation with spontaneous site activation are summarised in Table 1 and are compared with the experimentally measured exponents for the inertial turbulence in simple shear experiments in one dimensional geometries (4). It would not be unexpected that directed percolation universality class will continue to hold in higher dimensions as in experiments on inertial turbulence in passive liquid crystals (30, 31) and in channel flows (3).
Our findings present a first concrete connection between turbulence in living fluids and classical scale-invariant turbulence, beyond a superficial visual similarity, by showing that the transitions to these two profoundly distinct types of spatio-temporal disorder in channel flows belong to the same universality class, namely that the critical behaviour is represented by a directed percolation process.
This opens new possibilities for further investigation of the nature of meso-scale turbulence and using tools from non-equilibrium statistical mechanics to explain critical behaviours in biological systems.
Future research should investigate the transitions between ordered flow states and applicability of the directed percolation universality class in higher dimensions and in complex biological fluids.
Methods

Active nematohydrodynamics simulations
The spatiotemporal evolution of a living fluid is described by active nematohydrodynamics equations based on the theory of liquid crystals. This formulation has been extensively applied to biological systems including bacterial suspensions (21), microtuble/motor protein mixtures (15, 22, 32) and cellular monolayers (13, 33) . The total density ρ and the velocity field u of the active matter obey the incompressible Navier-Stokes equations
where Π is the stress tensor. While several studies of meso-scale turbulence have characterised the dynamics of the flow using only the velocity field as the relevant order parameter (7, 20) , an additional order parameter field is required to account for the orientational order of active fluids. This is particularly important since several experiments have now established the existence and pivotal role of the orientational order in the dynamics of bacterial suspensions (10, 21), microtuble bundles (15, 16), assemblies of fibroblast cells (34) , and more recently in stem cell cultures (14) . To account for the macroscopic orientational order of microscopic active and anisotropic particles, the nematic tensor
(nn − I/3) is considered, where q denotes the coarse-grained magnitude of the orientational order, n is the director, and I the identity tensor. The nematic tensor evolves as
where Γ is a rotational diffusivity and the co-rotation term
accounts for the response of the orientation field to the extensional and rotational components of the velocity gradients, as characterised by the strain rate E = (∇u T +∇u)/2 and vorticity Ω = (∇u T − ∇u)/2 tensors, and weighted by the tumbling parameter λ. The relaxation of the orientational order is determined by the molecular field,
where F = F b + F el denotes the free energy. We use the Landau-de Gennes bulk free energy (35),
and
2 , which describes the cost of spatial inhomogeneities in the order parameter, assuming a single elastic constant K.
In addition to the viscous stress Π visc = 2ηE, Eq. 2 must account for contributions to the stress Π from the nematic elasticity and the activity. The nematic contribution to the stress is
which includes the pressure P (36). The active contribution to the stress takes the form Π act = −ζQ (37), such that any gradient in Q generates a flow field, with strength determined by the activity coefficient, ζ.
The equations of active nematohydrodynamics (Eq. 1-3) are solved using a hybrid lattice Boltzmann and finite difference method (38) (39) (40) . Discrete space and time steps are chosen as unity and all quantities can be converted to physical units in a material dependent manner (22, 41, 42) . 
Directed percolation model with spontaneous activation
To examine the behaviour of the (1+1) directed percolation universality class, we utilized the DomanyKinzel cellular automaton (43) and chose probabilities to correspond to bond directed percolation in the presence of a weak external conjugated field. We define a diagonal square lattice with empty sites corresponding to the absorbing phase (the vortex lattice state in confined active flows) and occupied sites corresponding to the activated phase (active puffs of meso-scale turbulence). At time t each site is occupied with some probability p 2 if both backward sites (at time t − 1) are occupied, with probability p 1 if only one backward site is occupied, and with probability p 0 for spontaneous site activation if neither backward site is occupied. Bond directed percolation in the presence of a weak external h is recovered with the choice p 2 = p 1 (2 − p 1 ) (44) and p 0 = h = 0 (45). In the confined active nematic, we find that p 0 is small but has a non-zero value since spontaneous puff creation is observed.
Our directed percolation simulations employ periodic boundary conditions and a lattice size of 10 4 sites in the spatial dimension to coincide with the lattice Boltzmann system. Data is obtained from 10 3 runs of 5 × 10 3 time steps each. We consider p 0 = {0, 10 −9 , 10 −8 , 10 −7 , 10 −6 } and find the critical probability p = 0.64470 ± 0.00002 as expected (0.6447001(1) (28, 46) ). Comparing directed percolation with spontaneous activation simulations to the kymographs in the main text suggests that active puff creation is unlikely, and so we use p 0 = 10 −7 as a reasonable estimate. Measuring N ⊥ and N , as for the lattice Boltzmann simulations, supplies the critical exponents reported in the main text.
Calculating the turbulence fraction
To obtain the active puffs, the enstrophy field ε(x, y, t) = Ω · Ω is calculated from the vorticity field Ω(x, y, t). The enstrophy field is averaged across the channel (x, t) = ε(x, y, t) y to obtain spacetime diagrams (kymographs) of the enstrophy. As described in the main text, the channel-averaged enstrophy in the vortex-lattice phase shows regular periodic oscillations, while local active turbulence domains (the active puffs) exhibit fluctuating, noisy enstrophy signals ( Fig. S1(a) ).
To relate the height-averaged enstrophy signal to the onset of meso-scale turbulence, we perform image processing on the kymographs. Each kymograph is Fourier transformed in both time and space. The primary peaks are masked in reciprocal space-time to produce the kymographs without the structured oscillations of the periodic, background of the vortex lattice ( Fig. S1(b) ). To quantify the turbulence fraction within the channel, the existence and extent of turbulent active puffs must be automatically measured. Local active puffs are detected from the unmasked kymographs by dividing the height-averaged enstrophy signal into small time intervals going from t i to t i+n . For every binned time interval, the discretized temporal autocorrelation function c k (x) =
is calculated, where k runs over time intervals from 0 to n, is the averaged enstrophy over the discretised signal sample, and¯ is the enstrophy signal averaged over all time and space. For every x point and for every binned time interval, we determine if the autocorrelation function periodic or non-periodic, indicating that the point belongs to the absorbing vortex lattice state, or an activated turbulent region, respectively. By averaging these intervals, the turbulence fraction is obtained. 
